Aerobic degradation of methylene blue by a pure culture of Ralstonia eutropha was studied by both freely suspended cells and kissiris-immobilized packed bed reactors. Kissiris as a cell support matrix favored the retention of the cells in the packed bed reactor during of the methylene blue biodegradation process. The biodegradation experiments showed that the kissiris-packed bed reactor had higher performance in removal of the dyestuff for initial concentrations 
| INTRODUCTION
Methylene blue (MB), is a common dyestuffs extensively applied in some industries such as textile, leather, paper, plastics, and paint. In these industries, large amount of MB with usual concentration of 10-200 mg L −1 is discharged in the effluent streams. 1, 2 The colored effluents are known for unfavorable effects on natural ecosystems and aquatic life such as the obstruction of light penetration, decrease of the dissolved oxygen, and mutagenic effects. [3] [4] [5] European communities regulation for discharge into surface waters is 0.2 mg of MB in each liter. 6 Therefore, this dye-containing industrial wastewater must be treated before being discharged to minimize its impacts in the environment. The removal of MB from the industrial wastewaters is a real challenge for most conventional suspension biological processes because of its adverse impacts on degradative microorganisms. 7 One of the major changes in waste bio-treating facilities design is the usage of immobilized microorganism technology that offers a high biomass (metabolic activity) and strong resistance to the toxic chemicals. 8 Several immobilization techniques of cells on the surface of solid supports and cells inside semipermeable synthetic or natural particles has been reported in the literature. [9] [10] [11] [12] Among these techniques, the entrapment in a natural matrix with open pore structure is a simple and applicable technique for cell immobilization in large scale facilities. In comparison with commercial synthetic supports, kissiris is a natural volcanic rock with high porosity (~0.5) and specific area about 1.2-2.2 m 2 g −1 which has a very low price. 13, 14 Previously, this matrix had been successfully utilized in biodegradation of toxic components such as phenol and P-nitrophenol by Ralstonia eutropha cell. 15 Generally, reactions involving the immobilized cell show considerable fluctuations of substrate and product concentrations in the reaction mixture, in which the rate of conversion depends on the rate of mass transfer outside or within the immobilized cell. 9, 16, 17 Film diffusion or external mass transfer is the result of liquid flow properties surrounding the solid matrix where the concentration of substrate at the surface of the fixed cell is lower than the bulk concentration (external mass transfer). Also, dependency of a decrease of substrate level inside the solid phase on the geometrical characteristic of the cell support has been categorized as the internal mass transfer (or porous diffusion). On the basis of the previous work in our laboratory, R. eutropha as an aerobic Gram-negative bacterial cell could eliminate MB from colored solutions in the presence of glucose as carbon source, cometabolicaly. 18 The aim of this study is to test the ability of the bacterium for biodegradation of MB in colorant solutions using a minimal glucose medium. The biodegradation kinetics of MB, at different initial concentrations, by the free cells in a stirred tank reactor and the immobilized cell in a kissiris packed bed reactor were experimentally compared and then modeled by the Haldane equation. Further test on the influence of mass transfers in the bioprocess was performed by a mathematical shell mass balance model on the kissiris-bioparticle.
| MATERIAL AND METHODS

| Chemicals
All chemicals used were analytical grade from Merck (Darmstadt, Germany), purchased from the local supplier.
| Microorganism
The bacterium R. eutropha (PTCC 1615) was purchased from Persian Type Culture Collection in lyophilized form and then maintained on nutrient agar medium.
| Biodegradation experiments
In all experiments, an appropriate aliquot of MB stock solution (1 g L The initial pH of the solution was adjusted at pH of 6.5 using 2 N NaOH solution and then sterilized in an autoclave at 121°C for 20 min. Inoculation was carried out by 10% volume of the 24-grown culture of R. eutropha on the above medium in the absence of MB. Temperature was kept constant at 30 ± 2°C. Aeration to the reactors was provided by an ordinary air diffuser, which was supplied with air at a rate of 0.55 vvm in the bottom of the bioreactors. Inlet air was sterilized by Millex® syringe filter unit (Merck, Germany). To determine the possibilities of the physico-chemical interactions of the additional chemicals as well as kissiris with MB, abiotic tests were performed at initial MB concentration of 30 mg L −1 in both stirred tank and packed bed reactors. The stirred tank experiments were performed by 50 mg of R. eutropha as an inoculum in a 2 L cylindrical glass vessel that mechanically agitated at 180 rpm. The experiments by the immobilized cell were performed in a vertical glass reactor with 25 cm height and 6.0 cm internal diameter. The reactor column was filled with 100 spherical pieces of kissiris (approximately 1.0 cm diameter) to a height of 15 cm for biofilm formation. The void volume of the reactor was 400 mL. To prepare the kissiris, lumps of kissiris were cut into 1 cm pieces were subsequently soaked in NaOH solution (0.1 M) for a few minutes followed by soaking in the HCl solution (0.05 M). The pieces were washed with distilled water several times until the pH of the solution was at pH6
.5 and no longer acidic. Then, pieces were dried overnight in an oven at 105°C. The dried pieces were weighted (107.0 g) prior to insertion in the reactor. The reactor with the kissiris pieces was sterilized in an autoclave at 121°C for 20 min. Immobilization of R. eutropha cells within the packed bed reactor was initiated by using the above minimal growth medium with glucose concentration at 0.5 g L −1 . The reactor was inoculated with 250 mg of R. eutropha and incubation at 30°C was continued until glucose was approximately removed from the medium (residual concentration of glucose less than 1 mg L −1 ). Next, the liquid was completely removed and reactor was filled up with a fresh growth medium at higher initial glucose concentration. The process was repeated consecutively by 1, 2, 3, 5, and 10 g L −1 of initial glucose concentration.
| Analytical methods
In order to determine the MB concentration, the sample from reactor was centrifuged (Hettich EBA 20, Germany) at 6000 × g for 6 min and the supernatant was evaluated spectrophotometercally (UNICO 2100-UV Spectrophotometer, USA) at λ max = 665 nm against of standard MB solutions. The initial specific MB biodegradation rate (q MB ) was determined as below 18 :
where, S L and S R are respectively the initial MB (mg L −1 ) and the residual MB concentration (mg L −1
) after 8 hr of the treatment time (t) and X is the initial dry cell weight biomass concentration (g L −1 ).
For the assessment of free biomass concentration, the difference of the absorbance values of the sample before and after the centrifugation was used and the optical cell density was converted to the dry cell weight using a calibration curve. In packed bed reactor, the kisssiris pieces with the biomass were taken out from the reactor at the end of the experiments. The pieces were washed with distilled water and dried at 80°C in an oven (Memmert, Germany) for 24 hr and weighed. The difference in weights of these samples and dried bare kissiris pieces gave the weight of biomass in the cell-immobilized reactor. 15 
| Mass transfer model description
On the basis of the shell mass balance for MB in a single cell-immobilized kissris piece, named the bioparticle, and considering the following assumptions: The kissiris piece has a spherical shape with inside independent position where R. eutropha cell immobilized uniformly in the support matrix, the biodegradation kinetics defined by the Haldane model, and the packed bed reactor operated under steady state condition.
The ordinary differential equation was obtained 19 as follows:
where, S in is the MB concentration in a radial position r; D e , the effective diffusivity of the MB; S L , the MB concentration in the bulk liquid. This equation solved under the following boundary conditions by considering external and internal mass transfer effects as follows:
In the expressions, S i , the MB concentration in the solid-liquid interface; K L , the liquid-phase mass transfer coefficient and r p is the particle radius.
The boundary condition (3b) refers to a steady state condition and indicates that the liquid-phase mass transfer rate is similar to the solid phase mass transfer rate at the surface of the particle. In these circumstances, the solution of Equation (2), which describes the MB concentration profile inside the biocatalyst particle, can be expressed as follows 19 :
Next, using the boundary condition (3b), following relationship is obtained for the substrate concentration at the particle surface:
where the Thiele modulus (Φ) and the Biot number (Bi) defined as below 19 :
3 | RESULTS AND DISCUSSION
| Monitoring of the cell attachment on kissiris pieces during immobilization stage
In order to estimate the kissiris-attached biomass during the immobilization stage, separate experiments with the freely suspended cell in a stirred tank reactor were performed under the same conditions. Then, the difference of concentrations of the free cells in the stirred tank reactor and the packed bed reactor were used as the attached biomass at each feeding stage of the immobilization process. The results are presented in Figure 1 . As be seen, after each feeding, attached cells in the kissiris pieces utilized glucose from the liquid medium and grew where the concentration of the immobilized cells incrementally increased after seven sequential feedings to 1.62 g in the entire reactor after 276 hr. The scanning electron microscopy (SEM) image of the kissiris surface before and after the immobilization process showed a uniform layer of biofilm covering the kissiris surface where the immobilization yield was about 151.4 mg cell g kissiris −1 ( Figure 2 ) . This is because bacteria prefer to grow on available surfaces rather than in the surrounding aqueous phase and the porous structure of kissiris would allow bacteria to penetrate in pores because the size of the interconnecting holes is considerably larger than the bacterial dimensions. 14 
Previous work showed that R. eutropha as a aerobic Gram-negative bacterial cell could successfully eliminate the MB dyestuff as a nongrowth substrate from aqueous effluents in the presence of sufficient amount of glucose (growth substrate). 18 The results presented in Figure 3 show that the suspended cells are also able to degrade of MB up to 150 mg L −1 in the minimal glucose medium.
Biodegradation of MB by R. eutropha at concentration lower than 0.5 g L −1 of glucose was completely stopped. 20 It is mainly due to the postpone of production of the enzymes involved in the MB degradation in the absence of a growth substrate. 21, 22 The degradative ability of suspended R. eutropha cells towards MB was 0.559 mg g cell
Although, the capacity was lower than the values repoted previously in a sufficient glucose medium, 18 application of R. eutropha as a nongrowing biocatalyst in the minimal medium have technical advantages in lower operational cost and sludge production at large scale treatment planes. The decolorizing capacity of R. eutropha in this study is comparable with Phanerochaete chrysosporium 22 and Pseudomonas aeruginosa 23 which are famous as the MB degraders in environmental biotechnology. On the basis of the previous findings, increase of MB concentration at higher than 75 mg L −1 resulted to an inhibitory role on the degradative ability of R. eutropha in suspended cell system. 18 With respect to the technical advantages of using immobilized system in treatment of hazardous components, this work compared the degradative performance of R. eutropha in freely suspended and kissiris-immobilized systems towards MB decolorization. A comparison of removal patterns in the systems is shown in Figure 3 . The results showed that the temporal variations of MB concentration were changed after immobilization of the cells in kissiris. Although, the residual MB concentration in the packed bed reactor was higher than the freely suspended cell reactor at initial MB concentrations of 30 and 50 mg L −1 , the efficiency of the packed bed reactor was modified in comparison with suspended cell reactor at concentrations higher than 75 mg L −1 . The results are agreed with findings of Ma et al., 7 who found that MB had a inhibitory effect on degradative performance of the aerobic degrader cells at concentration higher than 70 mg L −1 in a sequencing batch reactor. In the present study, the protective role of the support from cells against the inhibitory role of MB via the mass transfer limitations was more evident in the cell immobilized on kissiris as these could eliminate MB up to 200 mg L −1 . The cell-protection role of the support is mainly related to the microenvironment of the immobilized cell, which can be described in terms of changes of MB during the conversion process. The results of abiotic test showed no noticeable change of MB occurred during the experiments and MB was removed by catalytic activity of the cells. Similar observation was reported by Karimi et al., 22 who found that kissiris as a suitable support increased the decolorizing capacity of P. chrysosporium towards MB.
| Determination of MB biodegradation kinetic constants
Further tests on dependency of the initial specific MB degradation rates (q MB ) on initial MB concentration (S L ) were carried out and the results are illustrated in Figure 4 . The trends showed the MB biodegradation rates in both systems were dependent on the initial concentration of the dye where q MB values were initially increased by increasing initial MB concentration, and then decreased at higher concentrations. Decreasing of q MB at the high concentrations indicated an inhibitory effect of MB or produced intermediates on the degradative activities of the cell. 14 A simplified version of the proposed scheme of the pathway reported in the literature for MB degradation is shown in Figure 4 . In the scheme, MB decomposed to lower molecular weight compounds, which all of them has aromatic structure with adverse impacts on living cells. 24, 25 The results of Figure 4 obviously show that the specific biodegradation rates for MB removal were higher in the freely suspended cell reactor in comparison with kissiris packed bed reactor for MB concentration up to 100 mg L Determination of the kinetic constants involved in the biodegradation process are important as quantity tools for comparison as well as the design of treatment facilities. In the present work and in order to determine the kinetic constants involved in the MB biodegradation the Haldane model (Equation 8), developed on the basis of substrate inhibition on enzymatic activity, was used.
where, q max is the maximum specific MB degradation rate in the absence of its inhibitory effect (mg g cell
The best fit kinetic constants predicted by the Haldane model for the biodegradation of MB with the freely suspended cell reactor and kissiris packed bed reactor are summarized in Table 1 . Goodness of fit of the experimental data (q MB ) to the selected model (q pred ) was determined on the bases of the coefficient of determination (R 2 ) and standard deviation of residuals (Sy.x):
Sy:
where, q ave and N were the mathematical average value of q MB and the number of experimental data, respectively.
FIGURE 4
Specific biodegradation rate (q MB ) as a function of initial methylene blue (MB) concentration. Simplified scheme of MB degradation pathway is also shown 24 A comparison of the experimental specific biodegradation rates and Haldane model with the constants presented in Table 1 are presented in Figure 4 . As be seen, the model could well describe the experimental observations in the both systems. On the basis of the results, magnitude of the kinetic constants were altered by cell immobilized on kissiris pieces. For instance, the intrinsic inhibition constant (K I ) was changed from 85.76 mg L 
| Mass transfer modeling
In order to evaluate the effects of mass transfer restrictions in the biodegradation of MB in the packed bed reactor, the shell mass balance model was used to quantify the MB concentration in the film diffusion and also inside of the kissiris matrix. For estimation of the MB concentration in the inside of the bioparticle in Equation (4), the liquid-phase mass transfer coefficient value must be available as the main mass transfer resistance in the liquid phase. The liquid-phase mass transfer coefficient (K L ) is a function of the physical properties of the liquid and the superficial velocity of the liquid medium. For estimation of K L in a packing column by the kissiris pieces, the following relationship presented by Perry and Chilton was utilized in the present study 26 :
In this expression, ε is the packed bed porosity and υ L is the kinematic viscosity of liquid medium. U L is the liquid superficial velocity determined by following experssion 27 :
In this expression, D is column diameter and Ug is equal to the volumetric gas flow rate at atmospheric pressure divided by the reactor cross-sectional area.
The parameters calculated in this study are summarized in Table 2 . The calculated K L for the present study was 0.526 cm h −1 and thus the thickness of the stagnant liquid film layer (δ = D e /K L ) was estimated at 0.0315 cm. The concentration of MB on the surface of the kissris pieces at different initial MB concentrations were estimated using Equation (5) . The MB concentrations at the surface of kissiris (S i ) for the different bulk liquid concentrations are presented in Table 3 . The results indicated that the lowest and highest reduction in MB concentration were occurred at 75 and 200 mg L −1 by 4.5 and 16.1%, respectively. Further test on calculation of the external mass transfer flux (N e ) was also performed. The results presented in Table 3 indicates N e was increased from Calculated from eq 11. 0.00151 mg cm
On the basis of Equation (4), MB concentration profile in the inside of the kissiris pieces was calculated and data are shown in Figure 5 . The results show that the concentrations of MB were not uniform in the bioparticle and sharply decreased by penetration in kissiris. The mass flux of the diffusing MB in a bioparticle (N in ) can be estimated by Fick's law expression:
The estimated N in values are shown in Figure 6a . The results show, the internal mass flux decreased nonlinearly with increasing of penetration path in the kissiris matrix, and this behavior was sharper at higher bulk liquid MB concentration. In literature, for describing more accurately the effect of the internal diffusion on the rate of decomposition, the reduction factor (λ) is used. This factor is defined as the local ratio between the rates of the biochemical reaction in heterogeneous system and in homogeneous one. 27 Under the steadystate condition, it can be assumed that the rate of the internal biochemical reaction is equal with the internal mass flow of MB. Therefore, for the investigated system, the following relationship can be used for calculating the local λ factor:
The λ value as function of the bioparticle radius is presented in Figure 6b . It is obviously observed that the internal mass transfer rate in the kissiris piece was lower than the biodegradation rate in the sections which λ < 1. For instance, the model predicted that, for initial concentration of 30 mg L −1 , if penetration path is higher than 0.14 cm then λ < 1. A comparison of curves in Figure 6 b also indicated the effect of the internal mass transfer was decreased by increasing of the bulk liquid concentration. Calculation of the effectiveness factor (η), which is a ratio of the observed reaction rate to the reaction rate when all the interior surface of the catalyst particle is exposed to the same substrate concentration as that of the bulk liquid phase, is a useful tool for evaluating the overall effects of the external and internal mass transfer resistances in the heterogeneous reaction. 27 In this study, the following expression was used for prediction of the effectiveness factor 27 : 
The variation of η as function of the initial MB concentration is presented in Figure 7 . The results show that η value was increased by increasing the MB concentration from 30 to 150 mg L −1 in bulk liquid medium. The effectiveness value was higher than unity for initial MB concentration of 150 mg L −1 . It explains the higher biodegradation rate by the immobilized cell in comparison with the free cell system at inhibitory concentrations (S L > 150 mg L −1 ). In fact, decrement of the toxic substrate concentration in the cell support matrix due to the mass transfer restrictions results in an increase of the observed reaction rate at the inhibitory concentration. However, the observed reaction rates at the lower concentrations than 150 g L −1 were significantly decreased in the immobilized system by the stronger external and internal mass transfer limitations. Thus, the values of η were lower than unity at these initial concentrations.
| CONCLUSION
The results of the present study shows that immobilization of R. eutropha in kissiris pieces plays a protective support role for enhancing the toleration of the cell to inhibitory effects of MB at concentration equal or higher than 150 mg L −1
. The kinetics study showed the constants associated with the Haldane model were modified by immobilization of the cell on kissiris. The mathematical modeling of mass transfer indicated both external and internal mass transfer phenomena altered MB concentration feeding by the immobilized cells. The external mass transfer resulted to decrease of 4.5-16.1% of bulk liquid concentration depends on the initial MB concentration. The biodegradation was also limited by internal mass transfer in the kissiris pores when the penetration path was higher than 0.2 cm (λ < 1). The resistances of MB transport in the kissiris-immobilized cell reactor enhanced the degradative ability of the cells by 21% (η = 
